The cosmological applications of atomic clocks so far have been limited to searches of the uniformin-time drift of fundamental constants. In this paper, we point out that a transient in time change of fundamental constants can be induced by dark matter objects that have large spatial extent, and are built from light non-Standard Model fields. The stability of this type of dark matter can be dictated by the topological reasons. We point out that correlated networks of atomic clocks, some of them already in existence, can be used as a powerful tool to search for the topological defect dark matter, thus providing another important fundamental physics application to the everimproving accuracy of atomic clocks. During the encounter with a topological defect, as it sweeps through the network, initially synchronized clocks will become desynchronized. Time discrepancies between spatially-separated clocks are expected to exhibit a distinct signature, encoding defect's space structure and its interaction strength with the Standard Model fields.
Despite solid evidence for the existence of dark matter (∼ 25% of the global energy budget in the Universe, and ρ DM 0.3 GeV/cm 3 in Solar system neighborhood [1] ), its relation to particles and fields of the Standard Model (SM) remains a mystery. A large and ambitious research program in particle physics assumes that dark matter (DM) is "microscopic", i.e. composed of heavy-particlelike matter, and searches for the results of its scattering off individual nuclei [2] . This assumption may not hold true, and significant interest exists to alternatives, among which the DM composed from very light fields is of special interest. Depending on the initial field configuration at early cosmological times, such light fields could lead to dark matter via coherent oscillations around the minimum of their potential, and/or form non-trivial stable field configurations in physical 3D space if their potential allows for such possibility. This latter option, that we will generically refer to as the topological defects (TD), is the main interest of our paper. The light masses of fields forming the TDs could lead to a large, indeed macroscopic, size for a defect. Their encounters with the Earth, combined together with the DM-SM coupling, can lead to novel signatures of dark matter expressed generically in terms of the "transient effects". These effects, coherent on the scale of individual detectors, are temporary shifts in frequencies and phases of measuring devices, rather than large energy depositions as is the case for microscopic DM. In this paper we suggest the possibility of a new search technique for the topological defect dark matter (TDM), based on a network of atomic clocks.
Atomic clocks are arguably the most accurate scientific instruments ever build. Modern clocks approach the 10 −18 fractional inaccuracy [3, 4] , which translates into astonishing timepieces guaranteed to keep time within a second over the age of the Universe. Attaining this accuracy requires that the quantum oscillator be well protected from environmental noise and perturbations well controlled and characterized. This opens intriguing prospects of using clocks to study subtle effects, and it is natural to ask if such accuracy can be harnessed for dark matter searches.
To put our discussion on concrete grounds, we introduce a collection of light fields beyond the SM, that can form TDs of different dimensionality: monopoles (0d), strings (1d), and domain walls (2d). Exact nature of such defects depends on the composition of the dark sector, and on self-interaction potential [5] . We provide relevant details in the supplementary material. For this paper we take a simplified approach, and call φ a generic light field from the dark sector, would it be scalar or vector, that forms a network of TD at some early stage of cosmological history. The transverse size of the defect is determined by the field Compton wavelength d, that is in inverse relation to the typical mass scale of the light fields, d ∼ /(m φ c). The fields we are interested in are ultralight: for an Earth-sized defect, the mass scale is 10 −14 eV. In our simplified approach we capture only gross features of TDs [5] , and call A the amplitude of the field change inside and outside a TD, A = φ inside − φ outside , also choosing the outside value of the field to be zero.
The energy density of TDM averaged over large number of defects is controlled by the energy density inside the defect, ρ inside ∼ A 2 /d 2 , and the average distance between the defects, L, through natural scaling relation: where n = 0, 1, 2 for a monopole, string or a domain wall, and we measure A in units of energy. This relation emerges by integrating across the TD first, which gives a monopole energy, and string(wall) linear(surface) energy density, with subsequent averaging over the entire volume. Right combination of parameters can give a significant contribution to or even saturate ρ DM . The average time between "close encounters" with TD, r ≤ d, is set by the galactic velocity of such objects v g ,
Velocity of galactic objects around the Solar system is an input parameter that is relatively well known, and for the purpose of estimates one can take v g 10 −3 × c ≈ 300 km/s. If the parameter T is on the order of few years or less, then it is reasonable to think of a detection scheme for TD crossing events. A typical duration of one crossing event is τ d/v g .
The most crucial question is how the fields forming the defect interact with the SM. All possible types of interaction between TD and SM fields can be classified using the so-called "portals", the collection of gauge-invariant operators of the SM coupled with the operators from the dark sector [6] . Throughout the rest of this paper, we are going to be interested in a more general form of the SM-TD interaction in the form of the quadratic scalar portal,
Since inside the TD, by assumption, φ 2 → A 2 and outside φ 2 → 0 this portal renormalizes masses and couplings only when the TD core overlaps with the quantum device. Here m e,p and ψ e,p are electron and proton masses and fields, and F µν are electromagnetic tensor components. The appearance of high-energy scales Λ X in the denominators of (3) signifies the effective nature of these operators, implying that at these scales the scalar portals will be replaced by some unspecified fundamental theory (the same way as electroweak theory of the SM replaces effective four-fermion weak interaction at the electroweak scale). The SM field dependence in (3) replicates corresponding pieces from the SM sector Lagrangian density, and this leads to the identification (the second line of Eq. (3)) of how masses and the fine-structure constant α are modulated by the TD. Thus, for every coupling constant and SM particle mass scale X one has to first order in φ
Quadratic (as opposed to linear) dependence on φ leads to the r −3 behaviour of correction to the gravitational potential, which allows escaping very strong constraints imposed by the nil results of searches for the fifth force and the violation of the equivalence principle [7] . Both direct laboratory and astrophysical constraints on Λ X do not exceed ∼ 10 TeV. Additional background information on TDM, the types of interaction with the SM, and plausible scenarios for its abundances are provided in the supplementary material. In particular, we present an explicit and ultraviolet-complete example of the so-called Abrikosov-Neilsen-Olessen string defect [8, 9] , composed of the dark gauge boson and dark Higgs field, that increases the value of α inside its core due to the mixing of the dark gauge boson and the photon [10] .
Main phenomenological consequence of the interaction (3) is a temporary shift of all masses and frequencies inside the TD. In this sense, the signature we are proposing to search for is a transient variation of fundamental constants. In the limit of large τ , when the size of a TD is on astronomical scales, the effect of (3) becomes identical to variations of couplings and masses over time witḣ α const, in which case all the existing terrestrial constraints immediately apply [11] . We also comment that during the TD crossing there is a new force acting on massive bodies, giving a transient signature that can be explored with sensitive graviometers. Also, other ways of coupling TD to SM are known. For example, one could use the so-called axionic portals, ∂ µ φ/f a × J µ , where J µ is the axial-vector current. Such interactions will lead to a transient "loss" of rotational/Lorentz invariance, and can be searched for with sensitive atomic magnetometers [12, 13] . By design, atomic clocks are insensitive to magnetic fields, and therefore may also have reduced sensitivity to the coupling to spin, and for that reason we concentrate on (3).
Clocks tell time by counting number of oscillations and multiplying them by the predefined period of oscillations 1/(2πω 0 ), where ω 0 is the fixed unperturbed clock frequency. Experimentally relevant quantity is the total phase accumulated by the quantum oscillator, φ 0 (t) = t 0 ω 0 dt ; then apparently the device time reading is φ 0 (t)/ω 0 . TD would shift the oscillator frequency and thereby affect the phase or the time reading, φ(t) = t 0 (ω 0 + δω(t ))dt , where δω(t ) is the quantum oscillator frequency variation caused by TD. We parameterize δω(t) = gf (t), where g ∝ A 2 /Λ 2 is the coupling strength and f (t) ∝ |φ(r−v g t)|
2 is time-dependent envelope (r is the clock position), so that
Suppose we compare phases of two identical clocks separated by a distance l (see Fig.1 ) that encounter a domain-wall-type TD. Because the TD propagates through the network with a speed v g , the second clock would be affected by TD at a later time, with a time delay l/v g . Formally, the phase difference (or apparent By monitoring time discrepancy between two spatially-separated clocks one could search for passage of topological defects, such as domain wall pictured here.
time discrepancy ∆t) between the clocks reads
By monitoring correlated time difference ∆t(t) between the two clocks, one could search for TDM. Before the TD arrival at the first clock, the phase difference is zero, as the clocks are synchronized. As the TD passes the first clock, it runs faster (or slower, depending on the sign of g), with the clock phase difference reaching the maximum value of |∆ϕ| max = |g|d/v g . ∆ϕ(t) stays at that level while the TD travels between the two clocks. Finally, as the TD sweeps through the second clock, the phase difference vanishes. In this illustration we assumed that d l L. In the limit of d l frequency (instead of time) comparison can be more accurate.
We may further relate the TD-induced frequency shift to the transient variation of fundamental constants. The instantaneous clock frequency shift may be parameterized as
where X runs over fundamental constants. The dimensionless sensitivity coefficients K X are known from atomic and nuclear structure calculations [14] . The energy density stored in the TD and various couplings enter implicitly through time varying deviation, δX(t) ∝ |φ(r − v g t)| 2 , of the fundamental constant from its nominal value. Then the two clocks will be desynchronized by
Here we used Eq. (2) and the fact that contributions to the Lagrangian (3) factorize into the SM and TDM parts. Notice that this result does not depend on a specific class of TDs.
In practice, one needs to dissect the TD-induced desynchronization (6) from various noise sources present in quantum devices and the link connecting the two clocks. We neglect link noise. We assume that the TD thickness d is much smaller than the distance between the clocks, as in Fig. 1 . One would need to resolve the "hump" in the presence of background noise. Suppose we compare the clock readings every T seconds; then the total number of measurements of non-zero phase difference is N m = l/(v g T ). For a terrestrial network with an arm length of l ∼ 10, 000 km, the TD sweep takes 30 seconds, so one could make 30 measurements sampled every second.
Because the clocks are identical and statistically independent, the variance ∆ϕ(t) 2 − ∆ϕ(t) 2 = 2R ϕ (T ), where R ϕ (T ) is the phase auto-covariance function [15] . It can be estimated from the commonly reported Allan variance σ y (T ), which characterizes fractional instability of the clock frequency [16] :
. Thereby the uncertainty due to a single clock comparison is √ 2(ω 0 T ) σ y (T ). As we carry out N m = l/(v g T ) measurements, the statistical uncertainty is reduced further by √ N m .
The above argument leads to the signal-to-noise ratio
This ratio scales up with the TD size d, the sensitivity coefficients K X , and the distance between the clocks.
The TD detection confidence would improve with both increasing the number of network nodes and populating nodes with several clocks of different types. Clearly when the TD sweep is detected, all the clock pairs should exhibit time correlated desynchronization signature associated with the sweep. Different clocks have distinct sensitivity to the variation of fundamental constants and this could help in disentangling various couplings in (3, 5) . Moreover, large number of clocks in a network in an idealized situation will help to determine the direction of the TD arrival, its velocity and spatial extent.
The presented analysis can be generalized to the case of point-like TD (monopoles), which under gravitational force will behave identically to the regular cold dark matter. We illustrate such a case in Fig. 2 . Here we assume that TD is an Earth-scale Gaussian-profile cloud sweeping through a clock network. Individual clocks are perturbed at different times with different amplitudes, depending on the distance to the monopole center. This leads to a TD-induced phase accumulation,
where R(t) = {X 0 , Y 0 , Z 0 + v g t} and r i = {x i , y i , z i } are the TD center and i th clock positions and d is the TD effective radius. Here we assumed that the TD propagates along the z-axis. The coupling is rescaled depending on the clock position
1/2 being the impact parameter. This translates into a differential phase accumulation between the clocks, similar to our "wall" example of Fig. 1 , but with the step-on and step-off heights depending on the difference of clock impact parameters.
A detailed discussion of atomic clock errors and sensitivity coefficients is presented in the supplementary material. Generally, one distinguishes between two broad classes of atomic clocks: microwave and optical clocks. Microwave clocks operate on hyperfine transitions, the frequency of such transitions being determined by the coupling of atomic electrons to nuclear magnetic moments and thereby these depend on the ratios of quark and electron masses and α. Optical clocks utilize electronic transitions and their clock frequency depends primarily on α.
Several networks of atomic clocks are already operational. Perhaps the most well known are Rb and Cs microwave atomic clocks on-board satellites of the Global Positioning System (GPS) and other satellite navigation systems. Currently there are 32 satellites in the GPS constellation orbiting the Earth with an orbital radius of 26,600 km with a half of a sidereal day period. One can envision using the GPS as a 50,000 km-arpeture dark matter detector. As TDs sweep through the GPS constellation, satellite clock readings are affected. Since accurate ephemeris data of individual satellites are known, one could easily cross-correlate clock readings in the network. For two diametrically-opposed satellites the maximum time delay between clock perturbations would be ∼ 200 s, assuming the TD sweep with typical velocity of 300 km/s. Different types of topological defects (e.g., domain walls versus monopoles) would yield distinct crosscorrelation signatures. While the GPS is affected by a multitude of systematic effects, e.g., solar flares, temperature and clock frequency modulations as the satellites come in out of the Earth shadow, none of conventional effects would propagate with 300 km/s through the network. Additional constraints can come from analyzing extensive terrestrial network of atomic clocks on GPS tracking stations.
The performance of GPS on-board clocks [17] is certainly lagging behind state-of-the art laboratory clocks [3, 4] . Focusing on laboratory clocks, one could carry out a dark matter search employing the vast network of atomic clocks at national standards laboratories used for evaluating the TAI timescale [18] . Moreover, several elements of high-quality optical links for clock comparisons have been already demonstrated in Europe, with 920 km link connecting two laboratories in Germany [19] . In addition, Cs fountain clock and H-maser are planned to be installed on the international space station in the near future, providing high-quality time and frequency link to several national laboratories around the world [20] . Recently proposed quantum clock network [21] would enhance sensitivity further.
As an illustration of sensitivity to energy scales Λ X of TDM-SM coupling (3), we consider a terrestrial network (l ∼ 10, 000 km) of Sr optical lattice clocks which are sensitive to the variation of α with K α = 6 × 10 −2 . For these clocks one may anticipate reaching σ y (1 s) ∼ 10
at T = 1 s measurement intervals. Requiring S/N ∼ 1 in Eq. (7), substituting fiducial values for ρ TDM and v g , and choosing T ∼ 1 yr, we draw sensitivity curve to the energy scale Λ α as a function of the defect size in Fig. 3 . Here we also show sensitivity of GPS constellation (l ∼ 50, 000 km, T = 30 s, σ y (30 s) ∼ 10 −11 ) assuming that the TDM-SM coupling is dominated by the transient variation of α (K α = 2). Limits derived from both Sr and GPS networks would greatly exceed the Λ < 10 TeV region excluded by direct laboratory and astrophysical constraints, such as from fifth-force and the violation of the equivalence principle searches [7] .
To summarize, we have argued that the unknown identity of dark matter may be regarded as an opportunity for atomic physics for a new fundamental application. In particular, we have shown that dark matter in form of stable configurations of light fields (topological defects) may lead to occasional transient changes of particle masses and coupling constants, thus giving a distinct signature that can be searched for with the network of sensitive atomic clocks.
